Objective-To examine relationships between blood pressure (BP), adiposity, and sleep quality using overnight polysomnography (PSG) in obese adolescents.
sleep fragmentation and a relative lack of restorative deeper sleep, particularly slow-wave sleep (SWS), during which sympathetic nervous system activity decreases and heart rate and blood pressure drop (8, 9) .
In adolescents, whether or not there is an additional impact of poor sleep quality on BP above and beyond that associated with by obesity is not understood. The objective of this study was to examine relationships between adiposity, BP, and objective measures of sleep quality measured by polysomnogram (PSG). We performed a secondary analysis of a study designed to evaluate insulin sensitivity and measures of sleep quality in obese adolescents, in which morning BP measures were also collected (10) . The primary hypothesis was that morning BP would be higher among patients with poorer sleep quality characterized by less deep sleep (SWS), independent of body mass index (BMI).
Methods
The study was approved by the University of Pittsburgh and Indiana University Institutional Review Boards and performed in the Pediatric Clinical and Translational Research Centers at these institutions. This was a secondary analysis of a study powered to detect the association between insulin sensitivity and sleep disordered breathing measured using the apnea-hypopnea index (AHI) as the primary outcome in obese black and white adolescents (10) . Data from this secondary analysis have not been previously reported.
Non-diabetic patients referred for clinical evaluation of obesity who met study criteria were invited to participate in the original study. Participants were not previously identified as having hypertension or sleep disorders. After obtaining informed assent/consent, we studied 50 obese (BMI >97th %ile) non-diabetic adolescents (eligible age range 12-18 years). Exclusion criteria included airway disease, smoking, uncontrolled chronic disease or current use of chronic medications affecting glucose regulation or BP, and obesity associated with a syndrome, such as Prader-Willi syndrome.
Overnight PSG was performed and data were recorded using either Sensormedics Somnostar Pro version 7.2 software or Sandman Elite 9.1 sleep diagnostic software, applying the following EEG montage: F3M2, F4M1, C3M2, C4M1, O2M1, O1M2, L-EOG, R-EOG, chin EMG, limb EMG, and the following cardiorespiratory measurements: SpO2 and pulse (Masimo), nasal pressure, airflow (nasal or oral thermistor), thoracic and abdominal excursion (uncalibrated respirator inductance plethysmography), pulse and ECG. The PSG data were interpreted by one of two sleep medicine co-investigators. The apnea-hypopnea index (AHI), which is the total number of obstructive apnea and hypopnea events per one hour of sleep, was hand-scored utilizing pediatric criteria and calculated following the AASM manual for scoring guidelines (11) . One participant's data were excluded from the analysis because very severe obstructive sleep apnea was apparent on the PSG (AHI = 50 events per hour).
Morning BP following the PSG (0600-0700) was measured in duplicate (at 10 minute intervals) by a trained research nurse with a calibrated automated oscillometric device (Dynamap) using a cuff appropriate for arm size with the participant awake, seated and at rest. The analysis was based on the average morning systolic (SBP) and diastolic BP (DBP). Elevated BP was identified if the SBP or DBP was either at least ≥90 th percentile for age, sex, and height, if the SBP exceeded 120 mmHg or the DBP exceeded 80 mmHg (12) .
Percent body fat was measured by dual-energy X-ray absorptiometry (DEXA) in all but 4 participants. In the remaining participants, DEXA was not performed due to the participant's weight exceeding the limits for the equipment. Pubertal stage was determined by physical examination (13) .
Statistical Analyses
Study subjects were stratified into two groups, one with normal BP, and one with elevated BP (as defined above). Demographic and clinical characteristics of the subjects were summarized and compared between the groups. Categorical variables were compared using the chi-square test, and continuous variables were compared using the two-sample t test and a nonparametric test (Mann-Whitney U statistic) was used for non-normally distributed measures. Scatter plots were used to graphically examine the relationships between sleep characteristics obtained from the PSG, body mass index (BMI), waist circumference, and BP. Pearson's correlation coefficients were used to quantify the magnitudes of the linear correlations. Multiple linear regression analysis was then conducted to assess the BP effects of sleep quality measures, including the percent of sleep time spent in rapid eye movement (REM) sleep and slow-wave sleep (SWS), and the AHI, while controlling for the effects of age or pubertal stage, sex, race (as a dichotomous variable), and BMI. All analyses were implemented using SPSS software (Version 20). P values <0.05 were considered statistically significant.
Results
The characteristics of the study participants are reported in Table I . The study included 49 participants; mean age 14.4±1.7 (SD) years; 51.9% male; 57.1% white, 40.7% black, and 2.0% mixed-race (black/white). Participants (n=27) had morning BP values in the normal range, and 22 (44.9%) had elevated morning BP. There were no significant differences in age, pubertal stage (Tanner 4 in the normal BP group versus 5 in the high BP group, p=0.114), sex, race or measures of adiposity between the two BP groups.
The group with elevated BP spent significantly shorter percentages of sleep time in REM sleep and SWS compared with the group with BP in the normal range (Table I ). There were no significant differences in PSG sleep time, sleep latency, time to REM sleep, or indices of sleep disordered breathing including AHI, arousal index, and minimum SaO 2 (Table I) .
Morning DBP was positively associate with percent body fat (r=0.33, p=0.03); however, other measures of adiposity (BMI, BMI SDS, waist circumference) were not significantly associated with BP. Both SBP and DBP were inversely related to the percent of sleep time spent in REM and SWS sleep stages (Figure) . The strongest relationship was between SBP and the percent of sleep time spent in REM sleep. The AHI was not associated with morning SBP (r=0.094, p=0.52) or DBP (r=0.030, p=0.84). We observed significant negative associations between the minimum percent SaO 2 and waist circumference (r=-0.36, p=0.01), and BMI SDS (r=-0.34, p=0.02), indicating an association between central adiposity and sleep disordered breathing.
Multiple linear regression analysis showed a lower percent of sleep time spent in both REM sleep and SWS were associated with significantly increased morning SBP and DBP, after adjusting for the effects of either pubertal stage, sex, race, and BMI (Tables II and III) . The AHI, pubertal stage, sex, race, and BMI did not contribute significantly to the models. Specifically, for each 10% decrease in REM sleep, SBP on average increased by 3.9 mmHg (p=0.011) and DBP on average increased by 3.0 mmHg. For each 10% decrease in SWS, DBP increased by 3.9 mmHg.
Discussion
In this study of obese adolescent research volunteers, we found that the percent of time spent in REM sleep was significantly inversely correlated with morning SBP and DBP, and the percent of time spent in SWS was significantly inversely correlated with morning DBP.
These associations between REM and SWS sleep time and BP were not modified when accounting for pubertal stage, race, sex, and BMI. These results support the primary hypothesis that morning BP is higher among obese adolescents with poorer sleep quality characterized by less time spent in deep sleep stages, regardless of BMI. These results are also congruent with mounting evidence in the literature on adults that sleep disruption with reduction in deeper stages of sleep contributes to hypertension. Previous studies show that both acute and chronic sleep deprivation raise BP in adult volunteers (14) . Longitudinal studies in older adults show that decreased SWS is associated with increased risk of developing hypertension (13, 14) . Furthermore, there is an inverse association between BP and REM sleep among adults with drug-resistant hypertension (15) .
There is a relative lack of pediatric studies evaluating relationships between sleep and BP, especially in obese adolescents. Our data are in agreement with the adult studies showing that lack of REM sleep is associated with higher morning SBP and DBP. We also observed an association between SWS and DBP in our study, consistent with studies of adults. A previous study in healthy adolescents found that short sleep duration and low sleep efficiency were both related to higher SBP and DBP, and these associations were not explained by socioeconomic status, obesity, or sleep disordering breathing (16, 17) . However, the previous study found no specific association between PSG measured time spent in REM sleep or SWS (16) . The children in the previous study had lower BMIs (mean BMI percentile 72.2, range 47.1-93.8) compared with the participants in our study who all had BMIs above the 95 th percentile (16) . It is possible that our study participants were physiologically more similar to adults due to the severity of their obesity. Also, we did not see a significant relationship between SWS and SBP in our study. This may be at least partially explained by the small sample size and insufficient power of the secondary analysis to detect this.
In addition to being obese, the participants in our study had evidence of mild sleep disordered breathing (AHI ≥1.5). Adult sleep disordered breathing with obstructive sleep apnea is associated with poor sleep quality, less REM sleep, less SWS, less physiologic nocturnal BP dipping, and higher morning and daytime BP (14, 18) . Moreover, physiologic nocturnal BP dipping is significantly lessened when there is a deficiency of SWS, and this phenomenon is more apparent in older versus younger individuals (18, 19) . Children with sleep disordered breathing also have higher daytime and nocturnal BP (20) (21) (22) . However, in our study, we did not find an association between morning BP and measures of sleep disordered breathing (AHI and SaO 2 ). This is not altogether surprising, because our participants' degree of sleep disordered breathing was mild overall and didn't include a wide range of AHI values. We suspect that there was too little variation in the participants' AHI values to detect a significant association between sleep disordered breathing and morning BP in this study.
The effect of adiposity on BP intensifies as children become obese (23) . The BP-adiposity relationship is modulated by a combination of factors, and BP measures are more strongly associated with adiposity indices among healthy populations with a range of degrees of body fatness (24) . In the current study, morning DBP was, indeed, positively associated with percent body fat, and SBP was not associated with measures of adiposity. We propose that this is because the study participants were all obese and the study was originally powered to measure insulin sensitivity, with BP being a secondary outcome. Similarly, we did not observe an association between the degree of obesity and measures of sleep quality (sleep duration or percent of time spent in REM and SWS) in this study. It is possible that when a high level of adiposity is reached, the relationships between the degree of obesity and measures of BP and sleep quality are no longer linear. Moreover, although obesity may be the predisposing risk factor for these conditions, there are several other risk factors influencing BP and sleep quality measures, including genetics and lifestyle factors that could not be accounted for in this study.
Previously proposed mechanistic pathways linking poor sleep quality to adverse BP outcomes include a lack of nocturnal BP dipping, increased sympathetic nervous system activity, activation of the hypothalamic-pituitary-adrenal axis, and alterations in the reninangiotensin system (8) . Although our study was not designed to evaluate the mechanisms of this relationship, it indicates the need for further studies examining such factors in the obese adolescent population, as advances in the understanding of the pathophysiology of adolescent sleep deficits and BP may have important public health implications with regard to policies to optimize sleep in children.
This study has limitations, including the cross-sectional design, a small sample size and lack of more extensive ambulatory BP measures. Additionally, the study population was restricted an obese adolescent referral population, potentially biasing the sample toward higher BP. We utilized automated BP measurements, which can overestimate SBP. This would have biased the results toward non-significance, and thus was not likely to change the findings. We also didn't measure BP during sleep. Additional limitations of our study are the exclusion of other race groups and the lack of information on socioeconomic status and family environment. Race has been shown to be a factor in BP during sleep in youth, with blacks having higher BP than whites (25) . We did not observe a race-effect on BP, and this could be due to small sample size, referral bias, or it could be that there was an upper-limit obesity effect that overrode the race effect. Data on socioeconomic status, family environment, and race will be critical to include in future investigations of sleep effects on BP.
Evaluation of the obese adolescent should include careful assessment of both BP and signs and symptoms associated with poor sleep quality, including snoring and daytime sleepiness.
Moreover, poor sleep quality should be considered in the work-up of obese youth with hypertension. From a research perspective, these relationships should be investigated further to determine whether or not optimization of sleep along with traditional lifestyle change recommendations for diet and physical activity would improve BP in obese adolescents. Linear relationships between systolic and diastolic blood pressure with percent of time spent in A, rapid eye movement and B, slow wave sleep stages.
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